The purpose of this research is to recognize the active antitumor components from the mixed pair extract of Aconiti Lateralis Radix Praeparata (Fuzi in Chinese) and Glycyrrhizae Radix et Rhizoma (Gancao in Chinese) using chemometrics and mean impact value (MIV) methods. Firstly, 30 common components of 31 different samples were analyzed quantitatively and qualitatively by HPLC-UV and UPLC-Q-TOF tandem mass spectrometry, respectively. Meanwhile, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays were used to test the inhibition activities of the 31 different samples against HeLa cells. Then a back propagation (BP) neural network, support vector regression (SVR), and two optimization algorithms -genetic algorithm (GA) and particle swarm optimization (PSO) -were applied to construct composition-activity relationship (CAR) models for the Fuzi-Gancao extract. Based on the optimal CAR model, the MIV was introduced to evaluate the contribution of each individual component to the anticancer efficacy of the extract. Results indicated that the SVR-PSO model best depicted the complex relationship between the chemical composition and the inhibition effect of a Fuzi-Gancao extract. The 30 common components were ranked by their absolute MIVs, and the top 8, which corresponded to peaks 17, 25, 22, 13, 23, 28, 5, and 7 in the chromatogram, were tentatively deemed to be the main antitumor components. The integrated strategy shows a novel and efficient approach to understanding the potential contributions of components from complicated herbal medicines, and the identified results suggest certain directions for screening and research into new antitumor drugs.
Introduction
Recently, herbal medicines (HMs) have appeared more and more attractive owing to their shining advantages of favorable cure effects, mild action, low levels of side effects and rich sources.
1 Especially for malignant and chronic diseases like cancer, HMs can tend to have remarkable therapeutic effects.
2
As we all know, HMs contain various compounds, which provide the material basis of the excellent curative effect of HMs. However, at present, most scientic research on HMs just focuses on one or a small number of ingredients that are usually present in high amounts, while some other low level components, which may also have potent bioactivity or can promote efficacy, are overlooked intentionally or unintentionally.
In order to nd out as much as possible about the therapeutic constituents of HMs, it is necessary to study the relationship between chemical composition and the therapeutic effect of the HMs, and chemometrics makes it possible to establish a composition-activity relationship (CAR) model. The CAR model can be used to predict the pharmaceutical activities of crude medicines according to chemical component information. Moreover, when combined with a variable relevance analysis method like mean impact value (MIV), the model can evaluate the bioactivities of the contained constituents, improving the efficiency of drug discovery. Some achievements have been made by this strategy, demonstrating its effectiveness. [3] [4] [5] To date, various algorithms have been applied to CAR model construction. However, since HMs contain a wide variety of compounds and complicated mutual interactions exist among these components, the commonly used linear models like multiple linear regression analysis (MLR) usually do not t the practical situation very well. By contrast, nonlinear algorithms like the back propagation (BP) neural network and support vector regression (SVR) are more suitable for explaining the CAR of HMs. [6] [7] [8] BP is one of the most widely used neural networks, and it usually consists of three parts: an input layer, a hidden layer and an output layer. There are a certain number of neurons in each layer, which are involved in two processes, namely signal forward propagation and error back propagation, to adjust the weight and bias of each neuron to achieve functional approximation.
9 SVR solves nonlinear problems by increasing the dimensions of the input data. In theory, a kernel function is utilized to map the input data to a high-dimensional characteristic space, converting the linearly non-separable data to linear separable data, and a linear regression function is established in the space to describe the relationship.
10,11 BP and SVR have been successfully applied to quality prediction and evaluation for some herbal medicines.
12-15
Furthermore, the performance of CAR models can be markedly improved aer parameter optimization. 16, 17 The genetic algorithm (GA) and particle swarm optimization (PSO) algorithm are two commonly used parameter optimization methods. GA is derived from the combination of natural selection and genetic inheritance, and it searches for the best optimal solution by selection, crossover and mutation like biological evolution.
18 PSO is a kind of swarm intelligence algorithm, inspired by the foraging behavior of a biotic population, and it has many attractive traits such as easy operation, few adjustment parameters and fast convergence rates.
19
Aconiti Lateralis Radix Praeparata (Fuzi in Chinese) and Glycyrrhizae Radix et Rhizoma (Gancao in Chinese) used to concurrently appear in classical Chinese medicine prescriptions for the treatment of rheumatoid arthritis and joint pain. 20, 21 Fuzi, the processed lateral roots of Aconitum carmichaelii Debeaux, has been in officinal use for a long time having various biological activities like analgesic, anti-inammation, antidepressant, antihyperglycemic and cardiovascular protective effects. [22] [23] [24] Gancao, the dried roots and stolons of Glycyrrhiza uralensis Fisch., is one of the most frequently used herbal medicines all over the world, and in addition to its pharmaceutical use, it oen serves as an additive in herbal formulations to improve solubility, increase effects and alleviate toxicity. 25, 26 Recently, some researchers have reported that both Fuzi and Gancao possess favorable antitumor effects.
27-29
However, the study of the antitumor constituents of the FuziGancao herb pair is extremely insufficient. As illustrated in Fig. 1 , the present research makes use of a BP neural network and SVR to explore the CAR of the aqueous extract of the FuziGancao herb pair, and uses MIV to nd out the main active antitumor components in this extract.
Materials and methods

Chemicals and plant materials
HPLC-grade methanol and acetonitrile were both purchased from Concord Technology Co., Ltd. (Tianjin, China). Ammonium acetate (HPLC $ 98%) and glacial acetic acid (HPLC $ 99.8%) were both purchased from Tianjin Kemiou Chemical Reagent Co., Ltd. (Tianjin, China). Water was supplied by a Milli-Q water purication system (Millipore, Bedford, MA, USA). Lappaconitine hydrobromide (HPLC $ 98%) was purchased from Nanjing SenBeiJia Biological Technology Co., Ltd. (Nanjing, China). Roswell Park Memorial Institute (RPMI) 1640 culture medium and trypsin were both purchased from Invitrogen Gibco Company (Gaithersburg, MD, USA). Fetal bovine serum (FBS) was purchased from Beijing Dingguo Changsheng Biotechnology Co., Ltd. (Beijing, China). Sodium chloride injection (0.9%) was purchased from China Otsuka Pharmaceutical Co., Ltd. (Tianjin, China). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich Co. LLC. (Santa Clara, USA). HeLa cells were provided by Logistics University of People's Armed Police Force (Tianjin, China).
A total of 31 batches of raw Fuzi and Gancao from different places in China were collected and authenticated by Professor Tiejun Zhang from the Tianjin Institute of Pharmaceutical Research, and all voucher specimens are deposited at our laboratory.
Preparation of the extract
Dried medicinal slices of the two herbal medicines were accurately weighed, to give 20.00 g for Fuzi and 30.00 g for Gancao, Fig. 1 A schematic representation of the framework of this research. CAR models for the Fuzi-Gancao herb pair were constructed by BP, SVR, GA and PSO, and used to fit experimental data. The main active antitumor components were recognized from MIVs based on the optimal CAR model. and they were mixed in a 1000 mL round-bottom ask. The mixture was soaked in 600 mL water for 30 minutes and then extracted using a reux device at 100 C for 2 hours. The mixture was immediately ltered when the extraction was over. The lter liquor was concentrated under vacuum at 75 C until the weight change in one minute was no more than 0.1 g, to obtain the extract sample, which was stored at 4 C for next use.
Preparation of internal standard solution and sample solution
Lappaconitine hydrobromide served as the internal standard (IS). Lappaconitine hydrobromide (6.3 mg) was dissolved in water in a 10 mL volumetric ask using an ultra-sonicator, and diluted with water to obtain a concentration of 630 mg mL À1 of IS stock solution. IS stock solution (1 mL) was diluted with water in a 5 mL volumetric ask to 126 mg mL À1 , to give the IS solution, which was stored at 4 C for next use.
Precisely weighed extract (0.2 g) (see Section 2.2) was dissolved in water in a 5 mL volumetric ask using an ultrasonicator, and then centrifuged at 7000 rpm for 10 minutes. Thereaer, an accurately measured amount of supernatant liquor (1.0 mL) was taken out and mixed thoroughly with an equal volume of IS solution. The mixture was ltered through a 0.22 mm nylon membrane, to give a sample solution for the following qualitative and quantitative analysis.
HPLC-UV instruments and conditions
A Waters e2695 high performance liquid chromatography (HPLC) Alliance system (Waters, Milford, MA, USA) consisting of a quaternary gradient pump, an online vacuum degasier, an autosampler, and a column heating compartment, was used to separate the extract components and these separated components were then detected by a connected 2489 ultraviolet-visible (UV) detector. An Empower 3.0 workstation (Waters, Milford, MA, USA) was used for data acquisition and processing.
Chromatographic separation was fullled using a Waters Symmetry C 18 column (4.6 Â 250 mm, 5 mm) operated at 30 C.
The 
UPLC-Q-TOF instruments and conditions
An Agilent 1290 ultra-performance liquid chromatography (UPLC) Innity system (Agilent Technologies, Palo, Alto, CA, USA), connected to a Bruker microTOF-Q II (Bruker Daltonics, Bremen, Germany) quadrupole time-of-ight mass spectrometer (Q-TOF-MS) with an electrospray ion source (ESI) was used for the qualitative identication of the components. The separation conditions for UPLC were the same as those listed in Section 2.4. MS detection of the separated components was conducted in positive ion mode with a scan range from 100 m/z to 980 m/z. The other detailed conditions for MS analysis were as follows: the capillary voltage was set at 4.5 kV and the end plate offset voltage was À0.5 kV. The collision cell radio frequency was 100.0 Vpp and the nebulizer pressure was 0.12 MPa. The temperature of the dry heater was 190 C and the ow rate of dry gas was 6.0 L min À1 . System control and data analysis were accomplished using a DataAnalysis 4.0 workstation (Bruker Daltonics, Bremen, Germany).
Antitumor efficacy test on the extract
MTT assays were performed to test the proliferation inhibition effects of the herb pair extracts of Fuzi-Gancao on the HeLa cervical cancer cell line. Three groups, namely a medicated group (all given the same amount of drug), a negative group not treated with drug solution, and a blank control group given only culture medium, were tested in parallel. Briey, a certain amount of the prepared extract (see Section 2.2) was dissolved in sodium chloride (0.9%) by ultrasound and then centrifuged at 7000 rpm for 10 minutes. The supernatant liquor was ltered using a 0.22 mm nylon membrane, and the subsequent ltrate was used as the mother solution (concentration 200 mg mL À1 in terms of crude Fuzi). An accurately measured amount of mother solution (240 mL) was diluted with culture medium to 2 mL, to give a pharmaceutical medium of 24 mg mL À1 in terms of crude Fuzi. Monolayer HeLa cells were digested with 0.25% trypsin and inoculated at a concentration of 5 Â 10 3 cells per well into 96-well plates containing RPMI 1640 complete medium and 10% FBS, and cultured at 37 C, with saturated humidity, and 5% CO 2 . Aer 24 hours, 100 mL of pharmaceutical medium was added into each well so that the nal concentrations of crude Fuzi and Gancao in the cultivation system were 12 mg mL À1 and 18 mg mL À1 , respectively, and then the cell culture was continued, keeping the conditions unchanged. Aer a further 48 hours, the supernatant culture solution was removed and 50 mL of MTT solution (1 mg mL
À1
) was added into each well for generating formazan, and then the cell culture was continued as before. Aer 4 hours, the cultivation system was centrifuged and the supernatant liquor was discarded. Following this, 150 mL of DMSO solution was added into each well and the plate was slightly shaken until the generated formazan was dissolved thoroughly. The optical density (OD) of each well was measured using a Sunrise absorbance microplate reader (Tecan, Phoenix, CA, USA) at 490 nm, and the inhibition rate was calculated according to eqn (1) . All experiments were repeated three times and the average value was calculated as the nal inhibition rate of the sample.
2.7. Model construction 2.7.1. Data preprocessing. The credibility of a CAR model greatly depends on the data quality. The peak area data is derived from the acquisition and integration of the chromatographic peaks, and, during this process, the sample preparation, instrument operation, experimental environment and other factors may inevitably introduce systematic and random errors, reducing the data accuracy; these errors must be effectively eliminated by smoothing the processing. Moreover, the levels of the same constituent in different samples, as well as the levels of all characteristic constituents in the same sample, vary within a large range, which may make it difficult to create a unied model; it is essential to amalgamate the raw data into a small range in the same reference system by normalization, which can accelerate the speed of iteration and enhance the subsequent search efficiency for optimal parameters. 30 Hence, prior to CAR model construction, the acquired data was preprocessed for smoothing and normalization by eqn (2) and (3), respectively.
where m is the number of variables on each side of x i (m ¼ 9 in this research).
where x 0 i and x i are normalized data and raw data, respectively; and x max and x min are the maximum and minimum of each raw variable, respectively.
2.7.2. Model construction and optimization. BP and SVR were employed to construct the CAR model in this research. For the BP method, the number of neurons in the input layer and the output layer correspond to the number of independent variables and dependent variables, respectively. The number of neurons in the hidden layer is of crucial importance for the tting capacity of a BP neural network, and in this paper, it was set according to an empirical equation (eqn (4)). A hyperbolic tangent function (tansig) and linear function (purelin) served as the transfer functions for the hidden layer and the output layer, respectively. Besides, the weight and bias of each neuron in the network were constantly adjusted to achieve favorable tting results.
In general, SVR includes two methods, 3-SVR and n-SVR, and the only difference between them is that the insensitive loss function 3 is articially set for the former whereas it is automatically adapted for the latter.
31 Although 3-SVR is simple and convenient, the manual selection of an appropriate value for 3 is not always easy, and n-SVR usually gives a better performance owing to its exible changeability, so n-SVR was adopted in this paper. The gauss radial basis function eqn (5) was used as the kernel function in this research due to its good learning and generalization ability. 32 Moreover, the penalty parameter C and kernel function parameter g signicantly impact the model reliability and should be optimized. In this research, GA was utilized to optimize the parameters of both the BP model and the SVR model, and PSO was used only to optimize the SVR model.
where n is the number of neurons in the hidden layer and m is the number of independent variables.
In this study, 31 different samples were assigned to two groups at random; 20 samples were used as a training set to create and train the CAR model, while the other 11 samples were used as a test set to examine the predictive ability of the established CAR model for unknown data. The root mean square error (RMSE) and correlation coefficient (R) were used to evaluate the accuracy and reliability of the developed CAR model: RMSE ¼ 
where n is the sample number.
Mean impact value
The mean impact value (MIV), originally put forward by Dombi in 1995 to characterize the variation of weight matrix of neurons in a neural network, is regarded as one of the most important indicators reecting the effect of each independent variable on dependent variables. 33 In this research, MIVs were used to evaluate the bioactivities of the constituents in the samples based on the developed CAR model. The calculation process can briey be described as follows: each independent variable (x j ) is assigned new values, plus and minus 10%, to obtain two new input data sets, X (j)1 ([x 1 , x 2 , ., 1.1x j , ., x k ]) and X (j)2 ([x 1 , x 2 , ., 0.9x j , ., x k ]), which are presently imported to the optimal CAR model to give the two corresponding predicted inhibition rates, Y (j)1 and Y (j)2 . The difference between the Y (j)1 and Y (j)2 values is called the impact value (IV), and is caused by the variation of the independent variable, x j . The MIV of x j is worked out through dividing the difference value by the sample number. The absolute MIV for each independent variable stands for the contribution of that constituent to the inhibition activity of the Fuzi-Gancao extract on HeLa cells.
Matlab R2013b soware (MathWork Inc., Natick, MA, USA) integrated with a ga toolbox and a libsvm-3.1 toolbox was used as a platform for all of the above computer aided operations, including data preprocessing, CAR model training, and MIV calculation.
Results and discussion
HPLC-UV method development and validation
In order to acquire as much chemical composition information about the Fuzi-Gancao extract as possible, and to achieve the best separation of the contained constituents, the chromatographic column, detection wavelength, composition and ow rate of the mobile phase, column temperature, and elution program were all optimized; the optimum separation was fullled by the HPLC-UV conditions described in Section 2.4.
To ensure the effectiveness and reliability of the developed HPLC-UV method, the precision, stability and reproducibility of the method were validated. The precision experiment was carried out by analyzing the same sample six times in succession. To validate intra-day stability, the same sample was analyzed at 0 h, 4 h, 8 h, 12 h and 24 h. For reproducibility, six different samples from the same extract were prepared and analyzed using the established method. For all of these experiments, the relative retention time (RRT) and relative peak area (RPA) of 30 common chromatographic peaks were measured using the IS as the reference peak, and then relative standard deviations (RSDs) of RRTs and RPAs of each of the 30 peaks were calculated. As shown in Table 1 , the RSDs of the RRTs and RPAs of all of the characteristic peaks were no more than 5% in the experiments for precision, stability and reproducibility. This means that the developed HPLC-UV method is feasible and dependable, and the samples are stable for 24 hours.
HPLC analysis
When developing the HPLC method, several detection wavelengths were tested; at 254 nm, the chromatographic peaks had relatively moderate responses and better peak resolutions than at other wavelengths. Thus, 254 nm was chosen as the detection wavelength for the Fuzi-Gancao extract. Using the developed HPLC method, a representative ngerprint of the Fuzi-Gancao extract was acquired and is shown in Fig. 2 , which contains more than 70 chromatographic peaks. Among these peaks, some peaks existed in all or most of the 31 batches of FuziGancao extract; they were marked as common peaks and investigated, while some other peaks only existed in some of the batches of Fuzi-Gancao extract, and they were not investigated in this paper. By aligning the ngerprints of 31 batches of samples using the Similarity Evaluation System for Chromatographic Fingerprint of TCM by the Chinese Pharmacopoeia Commission, as marked in Fig. 2 , 30 characteristic peaks were identied as common peaks.
RPAs of the 30 common peaks from all batches of the samples were measured and the data are listed in Table S1 . † It can be seen that the contents of the chemical compounds in the different samples differed hugely. Taking peak 16 for instance, among the 31 batches of samples, the minimum RPA was 0.177 in sample 6 while the maximum RPA was 7.424 in sample 22. This is not an exception but a general case. These conspicuous differences usually result from various factors like the growing environment, harvesting time, post-processing and so on. These very different chemical compositions provide a solid material data basis for constructing a high-quality CAR model.
Peak identication by tandem mass spectrometry
A prepared sample that contained all the marked chromatographic peaks was subjected to UPLC-Q-TOF, and the 30 common peaks were tentatively characterized according to the m/z values of the parent ions and characteristic fragment ions in MS and MS/MS spectra, in comparison with those data in the published literature. The detailed identication information is listed in Table 2 , and the structural formulas are shown in Fig. S1 . † For these chromatographic peaks of interest, there is only one component (peak 20) that has not been identied. According to the identication results, 18 components (peaks 1-13, 15, 18, 19, 22, 25) belong to Fuzi, which comprise three types of alkaloids, diester diterpenoid alkaloids (DDA), monoester diterpenoid alkaloids (MDA) and alkylolamine diterpenoid alkaloids (ADA); and the other 11 components originate from Gancao, containing two kinds of compounds, avonoids and saponins.
Antitumor efficacy of Fuzi-Gancao extract
In our previous study, an extract of 1 : 1.5 (weight ratio) of Fuzi and Gancao showed a noticeable antitumor effect. In this paper, the inhibition rates on HeLa cells of 31 batches of samples were measured by MTT assays, as listed in Table S2 . † As is shown in Fig. 3 , most samples could strongly prevent the growth of HeLa Fig. 3 Inhibition rates of 31 batches of Fuzi-Gancao extract on HeLa cell proliferation. 
Model comparison and selection
The data in Tables S1 and S2 † were used to create the independent variable matrix X 31Â30 and the dependent variable matrix Y 31Â1 , and three models were constructed by different algorithms to t the relationship between these two groups of data. The RPAs of the 30 concerned chromatographic peaks were imported to Matlab and the corresponding inhibition rates of the extracts were the theoretical output values of the CAR model. The RMSE and R of the training set and test set of the three investigative models are listed in Table 3 . For the training set, the three models have the same R values, and BP-GA and SVR-PSO have similar RMSEs that are both much lower than the RMSE of SVR-GA, suggesting that the former two models have better tting precision than SVR-GA. For the test set, the RMSEs of BP-GA and SVR-PSO are still nearly the same and lower than that of SVR-GA, however the R of SVR-PSO is far higher than that of BP-GA, indicating that SVR-PSO has the stronger prediction and generalization capability. Comparatively speaking, SVR-PSO performs best in describing the complicated composition-activity relationship for the Fuzi-Gancao extract. The predictive regression curves of the training set and test set by the SVR-PSO model with best C ¼ 14.3265 and best g ¼ 0.1 are shown in Fig. 4 . Clearly, the predicted values correspond with the original experimental inhibition rates very well in both the training set and the test set, indicating that the established SVR-PSO model combines high tting accuracy with good generalization capability and is capable of describing the relationship between chemical composition and pharmacological activity of Fuzi-Gancao extract.
Antitumor component recognition by MIV
Based on the superior SVR-PSO model, the MIV method was employed to identify the active antitumor components from the Fuzi-Gancao extract. MIVs of the 30 common peaks from the 31 different samples were acquired as described in Section 2.8 and the 30 peaks were then ranked by their absolute MIVs, as shown in Table 4 . A higher absolute MIV means that the corresponding component contributes more to the inhibition effect of the Fuzi-Gancao extract on HeLa cells, and therefore, the top 8 components (peaks 17, 25, 22, 13, 23, 28, 5, 7) are temporarily deemed to possess good antitumor activity. The top 8 components are liquiritin, 14-benzoyldeoxyaconine, benzoylhypaconine, 14-acetyltalatizamine, formononetin, 24-hydroxy glycyrrhetinic acid, senbusine A/B and aconine. Of these, ve components (peaks 25, 22, 13, 5, 7) are from Fuzi and three components (peaks 17, 23, 28) are from Gancao. Among the 8 components, there are not only high level components like formononetin (peak 23), but also lower level components like 14-benzoyl-deoxyaconine (peak 25). Indeed, the ranking of 14-benzoyl-deoxyaconine is even higher than that of formononetin, meaning that the recognition results do not rely on the component content, which is benecial for nding Fig. 4 The predictive regression curves of the SVR-PSO model. those low level compounds with high activity. Most of the recognized components have been conrmed to have prominent anti-tumor efficacy in the published literature. For example, liquiritin (peak 17) is a major avonoid constituent in Glycyrrhizae Radix and it was found that liquiritin could effectually suppress the proliferation and migration of human gastric cancer cells which are resistant to cisplatin, and, furthermore, the combined therapy of liquiritin and cisplatin exhibited potent inhibition activity against cisplatin-resistant gastric cancer cells through multiple pathways. 34 Moreover, the component corresponding to peak 22 was identied as benzoylhypaconine, which has been reported to possess selective cytotoxicity against the MGC80 gastric cancer cell line with a low IC 50 value of 24.7 mg mL À1 . 35 
Conclusions
An integrated strategy was efficiently applied to recognize antitumor components from a mixed extract of Fuzi-Gancao. Firstly, desirable separation was fullled by HPLC for the constituent ingredients in the Fuzi-Gancao extract, and 30 common chromatographic peaks from 31 different samples were analyzed quantitatively and qualitatively. Secondly, three CAR models were established using different algorithms to interpret the relationship between the chemical composition and the antitumor effect of the Fuzi-Gancao extracts, and the SVR-PSO model stood out aer consideration of the tting precision and prediction ability. Furthermore, the antitumor activities of the 30 identied compounds were evaluated by MIV, and 8 components with high absolute MIVs were identied as promising anticancer compounds. This proposed strategy provides an attractive approach to the identication of potent antitumor compounds. It will benet drug-discovery from herbal medicines, and the identied compounds provide a reference for early antitumor pharmaceutical screening. 
